ABSTRACT: Accurate determination of feeding habits using only conventional dietary analysis is usually difficult, due to both biases caused by prey digestibility differences and to the discrete aspect of the sampling. However, combining conventional methods with stable isotope analysis provides an integrated view of the assimilated diet. Here, we measured stable isotope ratios of carbon (δ 13 C), nitrogen (δ 15 N) and sulphur (δ 34 S) in feathers of yellow-legged gull Larus michahellis nestlings from 4 colonies along the western Mediterranean coast, where the gulls consume different proportions of marine, terrestrial and garbage resources. We collected and analysed chicks' regurgitates in each colony, thereby determining the isotopic signatures in a significant sample of prey. By applying a mixing model to our isotopic values, we compared the information provided by the 2 methodologies. According to direct prey sampling and the particular conditions of the breeding areas, populations with more enriched δ 34 S values consumed a diet richer in marine prey, with lower δ 15 N signatures indicating garbage consumption. The main pattern resulting from the mixing model agreed with direct diet sampling. However, estimated proportions for small-sized prey were controversial, which indicates that small, soft prey items might be underestimated by regurgitate analysis. We conclude that stable isotope signatures and the use of mixing models are useful tools for the rapid assessment of feeding ecology in certain populations. Solving analytical biases should be considered in future feeding studies, thereby saving time and minimising bird disturbance by using an isotopic methodology.
INTRODUCTION
Accurate knowledge of diet composition is mandatory in several key areas of applied ecology, such as the management of problematic species and the use of a species to monitor the environmental impact of pollutants. The direct sampling method of reconstructing diets suffers from several drawbacks that hamper the applicability of results (Duffy & Jackson 1986 , González-Solís et al. 1997 , Barrett et al. 2007 . Diet studies based on field observations are biased toward the most conspicuous prey. Prey are difficult to identify from gut contents or regurgitates, which are often partially digested (but see Cherel et al. 2007) . Moreover, such studies might also be biased toward prey types that are more resistant to digestion, leading to overestimation in the final reconstructed diet (González-Solís et al. 1997 , Votier et al. 2003 or proving inapplicable because of the intrinsic characteristics of some food types (e.g. pieces of meat and garbage taken at refuse dumps). These methodologies provide only an episodic view of an individual's diet, since each sample represents only a specific feeding event (Votier et al. 2001) . Thus, to obtain reliable information about a population's feeding habits, exhaustive monitoring over time is needed (Jordan 2005) . However, conventional approaches are still required when we need to identify the taxonomic group of prey consumed. Regurgitated food appears as the least biased method for describing diet composition (González-Solís et al. 1997) .
The use of stable isotope analysis (SIA) in animal ecology has increased enormously in recent years and has become an important tool to study trophic ecology (Hodum & Hobson 2000 , Post 2002 ). Although SIA does not provide the taxonomic detail achieved by conventional dietary analysis, it avoids prey digestibility biases because it only takes into account assimilated food. Moreover, it provides a ready-made integrated estimate because the assimilated diet for a certain period of time is summarised, depending on the tissue analysed (Hobson 1999) . Stable isotopes of carbon ( 13 C/ 12 C, δ 13 C) and sulphur ( 34 S/ 32 S, δ 34 S) are used primarily to determine sources of primary production and are useful to trace the input of these elements into food webs (Krouse & Herbert 1988 , Richards et al. 2003 . In particular, the use of δ 34 S is recommended when the origin of the diet is heterogeneous (Peterson et al. 1985) . Stable isotopes of nitrogen ( 15 N/ 14 N, δ 15 N) are indicators of food web interactions, and the trophic positions of species as consumers are typically enriched in 15 N relative to their food (Post 2002 , Vanderklift & Ponsard 2003 . If isotopic signatures in the tissue of a consumer and its main dietary sources are known and adjusted by the fractionation factors between the tissue and each of the sources (Gannes et al. 1998), we can apply mixing models to obtain an index of the relative contribution made by each kind of prey to the consumer's diet, as long as prey are isotopically distinct (Schwarcz 1991) .
Populations of several species of gulls (Larus spp.) have increased dramatically throughout Australia, North America and Europe in the past few decades (Smith & Carlile 1993 , Vidal et al. 1998 . These demographic increases have been attributed to several factors (Pons 1992 , Bosch et al. 1994 , Belant 1997 , such as the protection from human disturbance, the increasing availability of anthropogenic food from both periurban open-air refuse dumps and industrial fisheries, and the great ability of gulls to adapt to human-altered environments.
We studied the diet of yellow-legged gulls Larus michahellis. This species breeds around the Mediterranean basin, and is the most common and widespread seabird of the western Mediterranean, where its population reached ~120 000 nesting pairs (Pérennou et al. 1996) , increasing up to 10% yr -1 (Thibault et al. 1996 , Vidal et al. 1998 . As a result of its increasing population, the yellow-legged gull has become problematic throughout its Mediterranean range. In most cases it is considered a pest because of its interactions with human populations in airports, cities, arable lands or fisheries. In addition, it interacts with other species, usually under protection, which can be disturbed, predated and displaced by the gulls from their breeding areas (Vidal et al. 1998 , Oro & Martínez-Abraín 2007 .
On the other hand, owing to its abundance, wide distribution and opportunistic feeding habits, the yellowlegged gull might also be used to measure the effects of pollution in the Mediterranean area. This is another important aspect of applied ecology in the case of this species, as it benefits from the same resources consumed by humans, as indicated by its use of refuse dumps and fishery discards. Therefore, if this species is to be used for biomonitoring, the foraging habitats and trophic relationships for every population must be determined to correctly interpret the meaning of the observed pollutant levels (Furness & Camphuysen 1997 , Becker 2003 , Sanpera et al. 2007 ).
Our main objective was to isotopically characterise (δ 13 C, δ 15 N, δ 34 S) the diet of yellow-legged gull populations at different localities where they are believed to consume different proportions of marine, terrestrial and garbage resources. We used an approach based on the feeding ecology of nestlings alone. This ensured that the tissues analysed (feathers) were formed exclusively from the dietary inputs received at the colony site (Sanpera et al. 2007) , thus avoiding potential problems caused by the seasonal movements of adult populations. Secondly, as few papers have combined direct dietary analysis and indirect mixing models based on isotopic signatures, we aimed to compare results from these 2 approaches and to find appropriate tracers to isotopically define the different food resources exploited by gulls.
MATERIALS AND METHODS
Study area and sampling strategy. The study was carried out in 4 colonies along the Iberian Mediterranean coast during the chick-rearing period in 2004. From north to south, the sampled colonies were in the Medes Islands, the Ebro Delta, the Columbretes Islands, and Mazarrón Island (Fig. 1) . These colonies were chosen because we expected their diets to differ and their stable isotopes to differ accordingly. The Medes Islands (42°0' N, 3°13' E) lie 900 m off the coast near a series of tourist towns, and they hold one of the largest colonies of yellow-legged gulls in the Mediterranean (ca. 6650 pairs after several cullings; Bosch et al. 2000) . According to Bosch et al. (1994) , their diet is mainly composed of garbage from refuse dumps and some fishery discards. About 6000 pairs live in the Ebro Delta colony (Guinart et al. 2004) , located on the Peninsula de la Banya (40°40' N, 0°45' E), a protected area of salt marshes within the Ebro Delta Natural Park, where fishing is intense (Pedrocchi et al. 2002) . Previous studies have indicated that the gulls' diet is mainly composed of fishery discards and, to a lesser extent, garbage (Bosch et al. 1994) . The Columbretes Islands (39°54' N, 0°41' E) are a volcanic archipelago, lying 55 km east off the coast of Castelló. No previous detailed studies were available, but owing to the islands' great distance from the mainland, these birds were expected to feed mainly on fish during the breeding season. Their colony size is the smallest of the 4 colonies sampled, with about 400 breeding pairs (Martínez-Abraín et al. 2003) . Mazarrón Island (39°33' N, 1°16' W) also lies immediately opposite a large tourist town, which is especially well populated during summer. No previous studies on the diet of this colony were available; however, based on previous observations, we expected to find a mixture of garbage and terrestrial prey caught in the very intensive crop fields surrounding the town, as well as some fishery discards.
Each colony was visited 3 times throughout the chickrearing period. During each visit, a single chick was sampled from each brood to avoid pseudoreplication due to parents feeding the same prey to their offspring. Food samples were collected as spontaneous regurgitations (n = 356) from chicks when they were handled for marking and measuring. The regurgitates were individually placed in sealed plastic bags and stored at -20°C until laboratory analysis. On the last visit only, when fledglings were available, 6 to 8 growing scapular feathers were collected from each bird (n = 107). Scapular feathers from chicks grow slowly and constantly (R. Ramos pers. obs.); thus, we hypothesised that they represent the entire feather-growth period.
Laboratory procedure and stable isotope analysis. In the laboratory, every regurgitate was weighed and identified to the order level using standard reference guides (Ruiz 1985) . They were then assigned to 5 categories according to foraging habitat (see Bosch et al. 1994 ): (1) marine, (2) brackish and fresh waters, (3) crops and terrestrial environments, (4) refuse tips, mainly including food scraps and (5) other. The importance of the different categories in each colony was represented by its percentage biomass. Dietary analyses focused on foraging areas because our previous observations had indicated that differences in prey signatures were different enough to guarantee good discrimination using stable isotope methodology.
Feathers were washed in a 0.25 M sodium hydroxide solution, rinsed thoroughly in distilled water to remove any surface contamination, dried in an oven at 60°C to constant mass, and ground to a fine powder in a freezer mill (Spex Certiprep 6750) operating at liquid nitrogen temperature. Additionally, from all available prey we took a sample of the main prey items consumed in each locality to analyse their isotopic signatures. Before isotopic analysis, food samples were freeze-dried and ground to a fine powder in the freezer mill. To reduce variability due to isotopically lighter lipids, which may have a particular influence on carbon isotope ratios (Attwood & Peterson 1989 , Hobson & Welch 1992 , lipids were removed by the Folch extraction method (Folch et al. 1957 ) with several chloroform-methanol (2:1) rinses.
Subsamples of 0.4 mg of feather powder for carbon and nitrogen and about 3.5 mg for sulphur analyses were weighed to the nearest µg, placed into tin capsules and crimped for combustion. Samples were oxidised in a Flash EA1112 coupled to a stable isotope mass spectrometer Delta C through a Conflo III interface (ThermoFinnigan), where the δ 13 C, δ 15 N and δ 34 S values were determined.
Isotope ratios are expressed conventionally as δ values in parts per thousand (‰) according to the following equation: Fig. 1 (2002), we used the ISOCONC 1.01 model suitably modified to use 4 food sources and 3 stable isotope signatures. To apply mixing models, isotopic values for food sources must be adjusted by appropriate factors (Δdt) to account for trophic fractionation (Gannes et al. 1998 ). The fractionation factor for marine fish and feathers was established from Columbretes Islands data, as only marine food resources were used there. We used Δdt values from the literature for the other food categories (Table 1) . When negative values near 0 were generated by the mixing model, percentages were readjusted for each locality, setting the most negative value to 0 and recomputing other percentages according to the original proportions given by the model.
Intercolony differences in biomass percentages of prey were identified using a Kruskal-Wallis test followed by a Mann-Whitney pair-comparison test with Bonferroni adjustment. Normality checks for distributions of values of δ 13 C, δ 15 N and δ 34 S were made using Q-Q plots. No severe deviations from normality were found, and we used parametric tests throughout. Because variances were found to be heterogeneous, isotopic differences between localities were analysed using 1-way analysis of variance (ANOVA) with Welch's correction. Tamhane's test procedure was used in a posteriori pairwise comparisons. Spearman correlations were used to examine relationships between isotope data and measurements of marine prey consumption at the colony level. To compare the 2 approaches, we represented the single values derived from mixing models (converted to weights using the mean weight of all regurgitates) with the error bars for each foraging habitat (with mean and 95% confidence intervals) computed from conventional dietary analysis. Statistical analysis was carried out using SPSS 15.0.
RESULTS

Diet analysis
According to diet biomass percentages (Fig. 2) , the gulls used 3 main foraging habitats: marine environments, refuse tips and brackish and freshwater marshes. Total regurgitates from these 3 habitats respectively represented 98.2, 90.3, 92.7 and 89.6% of total biomass in the Columbretes, Ebro Delta, Medes and Mazarrón colonies. Prey from marine environments occurred in diets at all 4 localities, while food from refuse tips was only present in the diets at 3 sites. However, only garbage was relevant in the Medes site (45.4%) and the Mazarrón site (43.8%), and it was poorly represented in the Ebro Delta site (8.5% food from refuse tips, with most food coming from the sea (96.3%). Significant differences were found between biomass percentages of marine prey (KruskalWallis, H 3 = 101.16, p < 0.001) in the 4 localities. All of them were compared and were significantly different, except the Ebro Delta-Medes and Medes-Mazarrón pairs. On the other hand, prey from brackish and freshwater habitats were only common in regurgitates from Mazarrón (25.5%; Fig. 2 ).
Stable isotope analysis and mixing models
Values of δ 13 C in feathers showed significant differences between localities (F Welch 3,23 = 69.06, p < 0.001; Fig. 3a,b) . Post hoc comparisons showed that Columbretes chicks had the highest δ 13 C values (-17.49 ± 0.18; n = 42). Ebro Delta and Medes Islands chicks showed intermediate values (-18 .19 ± 0.32; n = 23 and -18.37 ± 0.49; n = 22, respectively), which were not significantly different, whereas Mazarrón chicks (-18.76 ± 0.61; n = 20) showed the lowest values, which were different from those of the Ebro Delta but not different from those of the Medes colony. At the colony level, we found a high, significantly positive correlation between mean δ 13 C values and marine prey consumption (r S = 1.00, p < 0.001, n = 4). Feathers also exhibited significant differences between localities in δ 15 N (F Welch 3,23 = 44.08, p < 0.001; Fig. 3b,c) . Post hoc comparisons showed that values from Columbretes (11.06 ± 0.25), Ebro (11.37 ± 0.46) and Mazarrón (11.63 ± 1.14) were similar, whereas values from the Medes site (9.92 ± 0.47) were significantly lower. Related to potential differences in baseline isotope signatures among colonies (see Hebert et al. 1999) , no consistent intercolony differences were found in the main food categories for δ 13 C, δ 15 N or δ 34 S values (see Table 2 Fig. 4) . The model indicated that most of the prey consumed in Columbretes came from marine environments. For the Ebro Delta colony, the model estimated that half of the food was from marine sources, almost a third was freshwater invertebrates and a small amount was from refuse tips (15.3%). For the Medes site, the importance of both marine prey and garbage was around 40%, whereas terrestrial invertebrates represented almost 20% of ingested food. Finally, for the Mazarrón site, the mixing model indicated freshwater environments to be the most exploited food source (46%), although garbage (34.4%) and marine prey (19.6%) were also significant.
DISCUSSION
Feeding ecology of gulls
Isotope signatures as well as the information obtained from chick regurgitates showed substantial differences among localities, particularly in the exploitation of marine environments (Figs. 2 & 4) . These differences can be explained by the availability per capita (i.e. related to the colony size) of this food resource, as well as by the presence of other alternative foods easier to obtain than marine prey, such as garbage from refuse tips. Refuse, consisting primarily of chicken, pork, and beef scraps, is easy to obtain if it is abundant and close to the breeding colony, and it has high values in energy per meal and fat and protein per gram (Pierotti & Annet 1991) . This explains its high proportion in diets of gull colonies with nearby dense human populations, such as those at the Medes and Mazarrón sites. The lower proportion of refuse in the Fig. 4 . Mean fresh weight per regurgitate (95% CI) of different foraging habitats computed from direct diet sampling (sample size in brackets). Mean weights of each foraging habitat estimated by the mixing model are also indicated diet of the Ebro Delta birds compared to those from Medes might be related to its lower availability. Indeed, refuse tips in the Medes Islands are 5 times more abundant than those of the Ebro Delta (Bosch et al. 1994) . At Columbretes, the mainland is too far away, and consequently chicks are mainly fed marine fish collected by the parents (i.e. through association with sub-surface predators; Oro 1995) or from fishery discards of the fishing fleet operating in this area (R. Ramos pers. obs.; Oro et al. 1996) .
Both methodologies showed that prey related to human activities, such as garbage or fish discards (Witt et al. 1981) , were the main components of chick diets in the sampled colonies, comprising more than 80% of the total diet biomass in 3 localities, while at the other site (Mazarrón) this value was 60 to 65% (Figs. 2 & 4) . On the other hand, nearby environments, such as freshwater sources or crops, were also exploited during the breeding season, especially in those populations associated with continental environments. However, their relevance mainly depends on the study methodology chosen, which suggests some drawbacks (see below). This heterogeneity in foraging habitats, exploited both within and among populations, according to their availability indicates the generalist and opportunistic feeding habits of this species (see Bosch et al. 1994 ) and emphasises the importance of a technique allowing a quick assessment of yearly changes in every population.
Isotopic tracers in feeding ecology
As we did not find differences in the isotopic signatures within each of the main prey categories among localities, the considerable isotopic variation among feathers from different colonies was related to differences in diet composition (see Hebert et al. 1999 ). In agreement with previous studies, we found that δ 13 C and δ 34 S levels were higher as the consumption of marine prey increased (France & Peters 1997 , Knoff et al. 2002 . However, only sulphur signatures differed enough among all prey types (Table 2) to be considered a useful tracer to assess the origin of the food consumed (see Hobson 1999) . On the other hand, carbon signatures of the main prey types were rather similar, except garbage values, suggesting that the correlation between δ 13 C and the consumption of marine prey could be a secondary effect derived from garbage consumption, since the proportions of both resources in the diet are roughly complementary. Thus, δ 34 S seems to have a greater discrimination power (Fig. 3a) that allowed us to distinguish between continental-terrestrial and marine-based diets even better than with δ 13 C (but see Knoff et al. 2002) . Therefore, δ 34 S can be used as an integrated measurement of marine food consumption throughout the nestling growth period. We found that samples from refuse tips provided the lowest values for δ 13 C, δ 15 N and δ 34 S (Table 2) and consequently, the Medes and Mazarrón sites, due to the consumption of garbage by gulls, showed the lowest values for these isotopes (Fig. 3) . We expected δ 15 N values from refuse tips to be the least enriched owing to a short food chain (Hebert et al. 1999) . Accordingly, δ 15 N values of the Medes colony were significantly lower than those from other localities (Fig. 3b,c) , since almost half of its dietary biomass came from refuse tips (Fig. 2) . Nevertheless, it should be noted that at the Mazarrón site, although almost half of the chicks' dietary biomass also came from refuse tips, δ 15 N values were relatively high (Fig. 3b,c) . This unexpected high value can be explained by taking into account that freshwater invertebrates show high δ 15 N values (Table 2) and that a moderate consumption of that resource might substantially increase δ 15 N values of consumers (Vanderklift & Ponsard 2003 ). We would not have known this had we not collected direct as well as indirect samples. The fact that these invertebrates were mostly involved in food webs based on dead organic matter might explain their high δ 15 N signatures (Ponsard & Arditi 2000) Comparing diet analysis and mixing models
The main pattern resulting from the mixing model values was in agreement with the direct method to determine diets, although some of the estimated weights provided by mixing models did not fit into confidence intervals computed from regurgitate analysis (Fig. 4) . Whereas the relative weights of marine and garbage resources agreed between both methodologies, estimations for some of the invertebrates (both from freshwater and terrestrial environments) were higher in the mixing model than in the regurgitate analysis. Indeed, regurgitate analyses underestimate the importance of small and soft prey items, such as invertebrates, while larger and harder prey are overestimated (Duffy & Jackson 1986 , Hobson & Clark 1992 , suggesting that isotopic results are necessary to fully describe diet.
Despite some problems found with the mixing model, probably derived from inaccurate fractionation assumptions (Phillips & Koch 2002) , it helped us to estimate diet composition with minimum disturbance to the birds (Hodum & Hobson 2000 , Ben-David & Schell 2001 . Moreover, mixing models overcome problems of over-or underestimations related to digestibility of prey items (Croxall et al. 1997) , as only assimilated food is considered. However, other prob-lems arose, with fractionation factors being crucial. In this respect, very few papers have reported the fractionation between a consumer's tissue and a particular kind of dietary resource; most studies have measured fractionation factors according to whole diet without taking into account different diet components (but see Hobson & Bairlein 2003 , Pearson et al. 2003 . To solve the problem regarding the lack of precise fractionation factors, future experimental studies should be carried out to account for different kinds of diets as well as different consumer tissues, although difficulties in obtaining experimental diets based on only a single resource, like invertebrates, are well known.
Another restriction imposed by the mixing model approach was related to the taxonomic precision of the results, which are rather coarse compared to the exhaustive detail achieved by direct dietary analysis. For instance, as noted above, we would not have resolved the importance of freshwater contributions without direct samples. However, the information provided by stable isotopes about the feeding ecology of a generalist species was enough to obtain a general idea of the use of different foraging habitats exploited by these birds.
CONCLUSIONS AND APPLICATIONS
In the present study we have shown that the combined analysis of isotopic signatures of carbon, nitrogen and sulphur in fledgling feathers of yellow-legged gulls can characterise the different proportions of feeding resources from marine habitats, brackish and freshwater environments, crops and refuse tips. In particular, δ 34 S signatures discriminated among marine and freshwater-terrestrial origins of dietary resources, while a depleted δ 15 N resulted from the exploitation of refuse tips. Although the taxonomic detail achieved by direct dietary analysis was not obtained, mixing models have become useful in the study of feeding ecology of populations or species that are highly opportunistic in their feeding habits and hence able to rapidly change the resources used. This is particularly relevant to correctly interpreting comparisons among populations about pollutant levels accumulated, or in ascertaining the provenance of such pollutants. However, exhaustive captive-feeding experiments should be carried out to determine the specific fractionation factors between a consumer's tissue and its diet. We stress the use of feathers in the study of the feeding ecology because feathers are sufficiently powerful and easy to sample and could be particularly useful in studies of endangered species by minimising disturbance to sampled populations.
Isotope signatures provide an integrative view on assimilated diets instead of the discrete information obtained from ingested resources. Whereas conventional dietary analysis requires exhaustive monitoring over time to obtain reliable information, SIA only needs single sampling depending on the tissue available. Moreover, direct dietary analysis produced slight under-and overestimations derived from the differential digestibility of prey. Thus, the information generated by isotopes, especially if calibrated from analysis of direct samples, is a reliable method to determine the importance of certain exploited resources. 
